Compounds present in Hafnia alvei cell-free culture supernatant cumulatively negatively influence the early stage of biofilm development by Salmonella enterica serovar Enteritidis on stainless steel while they also reduce the overall metabolic activity of S. Enteritidis planktonic cells. Although acylhomoserine lactones (AHLs) were detected among these compounds, the use of several synthetic AHLs was not able to affect the initial stage of biofilm formation by this pathogen.
Biofilms are groups of bacteria encased in a self-produced extracellular matrix (5, 6) . Biofilms formed on stainless steel (SS) surfaces in food-processing areas are of great importance since they may lead to food spoilage and transmission of diseases (2, 16) . This sessile mode of life allows bacteria to enjoy a number of advantages, such as increased resistance to antimicrobial agents (9, 12) . Notably, it is widely accepted that bacteria (both planktonic and biofilm cells) communicate by releasing and sensing signaling compounds in a process commonly known as quorum sensing (13, 18, 24) .
Salmonella enterica serovar Enteritidis is one of the most important bacterial pathogens worldwide (7, 17) . Hafnia alvei are frequent psychrotrophic members of the Enterobacteriaceae community in meat products, playing a role in their spoilage, while they have been shown to be capable of producing signaling compounds (3) . In this study, in order to determine any possible influence of compounds produced by H. alvei on the biofilm-forming ability of S. Enteritidis, the latter was left to develop biofilm on SS surfaces in the presence of conditioned medium obtained after the growth of the former. Biofilm formation was assessed directly by detaching cells and enumerating them and, also, indirectly by automated conductance measurements.
Growth media and biofilm development. To produce biofilms, individual sterile SS coupons (3 by 0.8 by 0.1 cm, type AISI-304; Halyvourgiki, Inc., Athens, Greece) were placed vertically in glass test tubes (length, 10 cm, and diameter, 1.5 cm) containing 3.5 ml of growth medium in such a way that the upper part of their metallic surface was exposed to the airliquid interface, since this interface provides a selectively advantageous niche for Salmonella biofilm formation (11) . The growth media used for biofilm development were based on brain heart infusion (BHI) broth (LAB M; International Diagnostics Group Plc., Bury, Lancashire, United Kingdom) which contained three different concentrations (0, 20, and 50%) of H. alvei strain 718 (3) cell-free culture supernatant (CFS) in such a way that identical amounts of BHI nutrients were contained in the three test media (Table 1) . CFS was prepared as previously described by Surette and Bassler (25) . Growth media were inoculated with Salmonella enterica subsp. enterica serovar Enteritidis phage type 4 strain P167807 so as to yield an initial bacterial population of ca. 10 7 CFU ml Ϫ1 . Inoculated tubes were then incubated statically at 18°C, while biofilm development was evaluated at 12, 24, 48, and 72 h of incubation. It should be noted that all three test media had the same pH at the beginning of incubation (thus, the pH values of BHI broth and CFS were both adjusted to 6.8 before autoclaving or before filtration, respectively).
Effect of H. alvei CFS on Salmonella biofilm development. (i) Bead vortexing and agar plating assessment method. The bead vortexing and agar plating method of assessing the effect of H. alvei CFS on S. Enterica biofilm development was based on the detachment of strongly attached/biofilm cells from the surface of SS coupons through bead vortexing and subsequent enumeration of released bacteria by plating on tryptone soy agar (TSA; LAB M) as previously described (11) . The results are presented in Fig. 1A . Regarding incubation time, it can be observed that biofilm formation (log CFU cm Ϫ2 ) increases progressively as incubation time increases, independent of the growth medium composition. However, for the same incubation period (12 to 72 h), the composition of the growth medium (viz., the concentration of H. alvei CFS) significantly (P Ͻ 0.05) influenced the quantity of strongly attached/biofilm cells recovered. Specifically, incubation of coupons in 50% CFS resulted in about 1 log reduction in the number of cells after the first 24 h of incubation compared to the results when coupons were incubated in BHI broth containing 0% or 20% CFS. It should be noted that this inhibitory effect was maintained even after the CFS was heated at 100°C for 10 min, which clearly indicates that the origin of the inhibition is not enzymatic. This difference tended to be minimized as incubation time increased to 72 h.
(ii) Conductance assessment method. Conductance measurements were also used, in order to indirectly quantify strongly attached/biofilm bacteria on SS coupons, using a Malthus 2000 instrument (Radiometer International, Copenhagen, Denmark) as previously described (4, 8, 10) . Representative data on changes in conductance of BHI broth in Malthus tubes are shown in Fig. 2 . In our experiment, the Baranyi and Roberts growth model was fitted (using DMFit version 2.1; Institute of Food Research, Norwich Research Park, United Kingdom [http://www.ifr.ac.uk/Safety/DMfit/default.html]) to the conductance data, producing sigmoidal curves typical of microbial growth (1). The model parameters were then used to precisely calculate the detection times (DTs; h). DT is apparently a function of the initial microorganism population in the Malthus tubes (inoculum, being here the initial concentration of strongly attached/biofilm bacteria on coupons), the growth kinetics of the microorganism, and the properties of the conductance medium (22) . Thus, for the given test protocol, DT correlates linearly with the initial concentration of strongly attached/biofilm bacteria to the coupons, i.e., a shorter DT suggests a higher level of biofilm formation (Fig. 3) . The results In agreement with the agar plating data, when biofilm incubation was done in 50% CFS, the DTs observed were significantly (P Ͻ 0.05) higher than the DTs observed when biofilm development was done in 0% or 20% CFS.
Metabolic activity of Salmonella planktonic cells in the presence of H. alvei CFS. The metabolic activities of S. Enteritidis planktonic cells at 18 and 37°C in the presence of H. alvei CFS compounds were indirectly monitored by conductance measurements, as previously described (19) . The Malthus DT is defined as the time interval between the start of conductance monitoring and the beginning of the acceleration phase of conductance values. Obviously, a slower DT is an indication of increased microbial metabolism (22) . The metabolic activity of the culture can also be inferred by the steepness of the slope after detection (the greater the activity, the steeper the slope). It can be observed ( Table 2 ) that for both incubation temperatures, the presence of 50% CFS resulted in significant (P Ͻ 0.05) increases in the DTs recorded, which was also accompanied by significant decreases (P Ͻ 0.05) in the slopes of conductance curves (expressed as maximum slope rates of conductance changes; S h Ϫ1 ). Undoubtedly, these results demonstrate significant reductions of the metabolic activities of the Salmonella planktonic cells due to the CFS compounds. In order to shed light on the physiological mechanism of the observed inhibition, the major volatile compounds and organic acids contained in the supernatants of the three growth media (0, 20, or 50% CFS) after 12 h of incubation at 18°C were identified by using gas chromatography-mass spectrometry and high-performance liquid chromatography, respectively, as previously described (15, 23) . No significant differences in the S. Enteritidis metabolic profiles (as expressed by 53 volatile compounds and 17 organic acids identified in supernatants) in the three cases (results not shown) were revealed.
AHL detection by TLC. At each sampling time (12, 24, 48 , and 72 h), the three growth media (Table 1) were tested for the presence of autoinducers by thin-layer chromatography (TLC), as previously described (21) . For the autoinducer bioassay, the acylhomoserine lactone (AHL) reporter strain Agrobacterium tumefaciens A136 (pCF218, pCF372) was used. TLC analysis indicated the presence of AHL in the extracts of media containing H. alvei CFS (20 and 50%) during the whole incubation period (representative results are shown in Fig. 4) . As expected, AHLs were absent from the supernatants of media without CFS. Notably, the heating of CFS at 100°C for 10 min was not efficient to abolish autoinducer detection (results not shown).
Early biofilm development in the presence of synthetic AHLs. In order to investigate whether the cause of the observed inhibition in the early stage of Salmonella biofilm development was the AHL compounds present in the CFS, biofilm development was tested in the presence of various commercial synthetic AHLs (all purchased from Sigma-Aldrich). Thus, SS coupons were incubated at 18°C in BHI broth (3.5 ml) inoculated with Salmonella (ca. 10 7 CFU ml Ϫ1 ), which also contained (i) 10 mol liter Ϫ1 or (ii) 100 mol liter Ϫ1 of N-3-oxo-hexanoyl-L-homoserine lactone (3-oxo-C6-HSL, being the major AHL produced by H. alvei 718) (3) or (iii) a mixture of N-butyryl-DL-homoserine lactone (C4-HSL), 3-oxo-C6-HSL, N-octanoyl-DL-homoserine lactone (C8-HSL), and Ndodecanoyl-DL-homoserine lactone (C12-HSL). The final concentration in BHI broth of each HSL when was provided in mixture (case iii) was adjusted to 10 mol liter Ϫ1 . The numbers of strongly attached/biofilm cells were evaluated at 6 and 12 h of incubation by using the bead vortexing and agar plating method, as previously described (11) . Under the experimental conditions applied here, the addition of synthetic AHLs in BHI broth did not significantly alter the numbers of strongly attached/biofilm cells recovered (results not shown).
Understanding the mechanisms of interspecies interactions between bacteria isolated from food-processing environments and how these may influence biofilm formation and dispersal is of special interest (14) . In sum, the present results suggest that the biofilm-forming potential of S. Enteritidis can be modulated "somehow" by compounds produced by H. alvei. Interestingly, these compounds also reduce the metabolic activity of the pathogen's planktonic cells, and this probably accounts for the biofilm formation decline observed. Although AHLs were detected among these compounds, our results showed that various synthetic compounds of this chemical nature are not able to influence S. Enteritidis biofilm formation. Nevertheless, the present findings may assist in a deeper understanding of the physiological mechanism of biofilm development by this pathogenic bacterium in multispecies environments like those probably encountered in real food-processing areas. 
